Results: Overall, the accommodative lag was 0.44D greater in the participants with PRVS. When the background had the chosen chromaticity, the accommodative lag was reduced by an average of 0.16D (p=0.03) in the PRVS group, but not in the symptom-free groups: in Control Group 2 the coloured background slightly increased the accommodative lag.
Introduction
The accommodative response is known to vary with many factors including refractive error 1 , refractive error stability [2] [3] [4] , target size 5 , target luminance 6 , target spatial frequency 7 and method of stimulus presentation. 1, 2, 4 When viewing a target at a proximal distance, e.g. when reading, an accommodative lag (or under-accommodation relative to the stimulus) of up to 0.50D is expected. 8 The object of regard will remain clear provided the accommodative error lies within the depth of focus of the eye. The depth of focus depends on a variety of factors including pupil diameter, lighting conditions and the target viewed. 9 Inappropriate accommodative responses, such as under-accommodation or over accommodation relative to the plane of the object of regard are a frequent correlate of aesthenopia. 10 Differences in accommodative response in persons experiencing visual discomfort from near work have been reported. Simmers et al. 11 found increased accommodative microfluctuations in a small sample of individuals who found benefit from coloured filters, but the accommodative stimulus response function was normal. Chase et al. 12 found a significant positive correlation between symptoms of visual discomfort with near work and accommodative lag (measured objectively using an open-field autorefractor). The prevalence of accommodative insufficiency was much higher than estimated by clinical measures. Tosha et al. 13 reported lag of accommodation to increase over a 90s measurement period, with the increase being more pronounced in individuals with high visual discomfort.
No significant differences were found in accommodative responses with and without the coloured lenses. 20 Any form of image degradation (due to contrast, luminance, or spatial frequency composition) will have a negative impact on the effectiveness of a target as a stimulus to accommodation. When the stimulus to accommodation is text or gratings, and the material is subject to perceptual distortion, as is the case in people who experience PRVS 21, 22 , an associated change in accommodation might be anticipated.
Coloured overlays have been shown to improve reading speed in persons who report perceptual distortions of text and gratings that the overlays reduce. Hollis and Allen 23 showed that the increase in speed could be better predicted from the perceptual distortion reported when gratings are observed than from reports of symptoms in extensive questionnaires of the kind used to measure visual discomfort. 24 Whereas previous work has used either a Hartinger coincidenceoptometer 20 or an open field autorefractor [11] [12] [13] requiring instrumentation proximal to the participant, we used an eccentric photorefractor (PowerRefractor, Multichannel systems, Germany) from a distance of 1m leaving the proximal field unimpeded. In previous studies, the lack of an internal fixation target or enclosed viewing in the open field autorefractor reduced the risk of proximal accommodation (and thereby an increase in the accommodative response) but did not remove it. 25 
Methods
The participants were recruited, by advertisement, from the student population attending Anglia Ruskin University. All participants gave informed consent following a written and verbal explanation of the procedures involved. All procedures conformed to the tenets of the Most of the practice effect occurs from the first to the second administration and the ABBA design therefore biases any mean difference against a benefit. An average rate of reading with and without the overlay was calculated, along with the percentage difference between the two conditions and the scores are shown later in Table 2 . 
INSERT FIGURE 1 ABOUT HERE
The accommodative response was measured using a PowerRefractor The use of an adjustable chin and forehead rest allowed optimum positioning of the right eye in line with the centre of the PowerRefractor head, thereby reducing artefacts and parallax error due to head movement. All subjects with habitual refractive correction were corrected using spherical contact lenses to within 0.25D. In order to ensure all participants were optimally corrected any small residual refractive errors were corrected where necessary using trial lenses, the maximum additional trial lens used being 0.25D. This was necessary in only 3 participants (one from the PRVS group and 2 from Control Group 1).
Due to large variations in calibrations among participants, 28,29 the
PowerRefractor was calibrated for each participant individually. For calibration, the left eye fixated a 6/9 letter placed at 6m. The right eye was occluded with an infrared transmitting Wratten 87c filter. Trial lenses (+4.00 to -1.00DS) were placed in front of the Wratten filter which was occluding visible light from the right eye. Measured refraction was compared to the refraction expected from the trial lenses, with allowances made for a vertex distance of 12mm. The correction factor was taken from the slope and intercept of the linear regression trendline, and used to calibrate the PowerRefractor measurements from that participant.
Before starting calibration of the PowerRefractor, the participants dark adapted for 4-5 minutes to allow dissipation of any transient changes in the tonic position of accommodation due to previous near work. 30 Following calibration, all viewing was binocular, although measurements were taken from the right eye.
The convergence required to fixate the cross was approximately 7
degrees. This is within the tolerance of the PowerRefractor (approximately 0.50D change in apparent accommodation with gaze 25 degrees eccentric to the optical axes).
The order of slide presentation was the same for all of the participants.
The participants initially viewed a cross (A) and then a grating (B) on a grey background for 10s in an ABBA design. Then they were asked to read seconds. Brief rest periods were taken after each measurement.
Experiment 2
The purpose of Experiment 2 was to provide 'yoked' controls who used background colours identical with those used by the PRVS group in Experiment 1.
As in Experiment 1, the participants (Control Group 2) were recruited from the student population attending Anglia Ruskin University, 4 males and 7 females, aged 18-24. As before, the participants had pattern glare scores less than 3 and were chosen so as to match the PRVS group with regard to gender and age. The same inclusion criteria were adopted (Table 1) .
Experiment 2 was conducted in three sessions (Sessions 4, 5 and 6, corresponding respectively to Sessions 1, 2, and 3 in Experiment 1). The sessions were identical to those in Experiment 1 apart from the exclusion of the conditions in Session 3 (measurements of accommodation) in which the participants were required to read.
Masking
The participants and the experimenters who undertook the reading rate measurements were unaware of the group allocations; the participants were first and second year students unaware as to the purpose of the pattern glare test.
Data integrity
Because of eye movement, the data obtained during reading in Table 2 summarises the clinical data and the results of the screening used to group the participants, and also includes the rate of reading. The mean results in each condition of Experiment 1 are presented in Figure 2 . The accommodative response data presented here is the average response over the 10s measurement period. Any periods of data loss e.g. when a participant blinked have been removed, together with the associated artefact. 26 From the figure it can clearly be seen that the lag of accommodation was greater for the group with PRVS than for Control Group 1. As can also be seen, the effect of colour was to reduce the lag of accommodation for the PRVS group and marginally to increase it for Control Group 1. These effects were confirmed in an analysis of variance with colour and stimulus as within-subject factors and participant group as a between-subject factor. The analysis revealed a significant effect of 
Results

INSERT FIGURE 2 ABOUT HERE
In order to assess accommodative microfluctuations, we calculated root mean square deviation of the accommodative response, following
Anderson et al. 32 :
We found no significant correlation between rms value and the mean accommodative response, so we analysed the variation separately. The The repetition of the grey background at the beginning and end of Sessions 3 and 6 (measurement of accommodation) permitted an assessment of the effects of any fatigue. In the event, there was no statistically significant difference between the first and second presentations for any of the groups (p>0.05).
Discussion
The accommodative lag was clearly greater for the PRVS group, and, for this group, the coloured background reduced the accommodative lag, although it did not reach the same level as either control group. However, it is striking that in Control Group 2 there was a significant effect of colour, and it was in the opposite direction from that observed in the PRVS group. Indeed in both control groups, the lag of accommodation was larger with the coloured background. The reversal in the direction of the effect of colour for the PRVS and control groups cannot be attributed to ceiling and floor effects e.g. to the lower overall lag of accommodation seen in the control groups.
There was an effect of target stimulus, similar for both Control Group 1 and PRVS groups (but not seen in Control Group 2): the accommodation response was slightly greater for the grating than for the cross. The difference was only 0.1D and not therefore clinically significant: both stimuli elicited an adequate accommodative response.
Previous studies used either a Hartinger coincidence optometer 20 or an open-field autorefractor. [11] [12] [13] Although the open field autorefractor allowed targets in real space to be used, it necessitated objects in the field of view close to the eyes and nearer than the target. Proximal accommodation may therefore still have been evoked. 25, 33, 34 Chase et al. 12 using a Grand Seiko WAM-5500 autorefractor showed a greater lag of accommodation in individuals with high visual discomfort scores, but only after prolonged recording. There was no difference in accommodative lag between individuals with PRVS and controls in the study by Simmers et al. 11 but the sample size was small and the measurement duration was short.
However, it is possible to discern in their data a small difference in the same direction as that obtained here. Ciuffreda et al. found no difference in accommodative response with and without coloured lenses. 20 The present study differed from previous studies in that the refractive power was measured remotely using an instrument at a distance of 1m with no proximal stimuli.
Measurements of accommodative response have been shown to be influenced by the spatial frequency of the target in both static 7, 35 and dynamic measurements. Pupil diameters less than 2.0mm have been found to increase depth of focus, but in the present study pupil diameters were in a range (3.5-6.6mm) that produces fairly stable blur sensitivity. 38 The lack of a significant difference in pupil size between groups and the marginally larger pupil size in the PRVS group combine to indicate that the accommodative findings are independent of pupil size. Irrespective of the colour of the background, the variability in accommodation (accommodative microfluctuation) was greater for Control Group 1 than the PRVS group, which showed the greater accommodative response. This is unsurprising as Day et al. 41 have shown that a greater accommodative response results in a larger variability in the response.
The present rms values are high, but within the range shown by Anderson et al. 32 which was 0.1 -0.7D for a 2D response amplitude, even in older participants.
These findings with respect to accommodative microfluctuations add to the inconsistencies in the literature. Tosha et al. 13 used monocular viewing and showed a larger variability in accommodation at close viewing distances, but no differences between groups with high and low visual discomfort scores. Simmers et al. 11 showed a greater variability of accommodation in a small group with PRVS and a reduction in the variability with coloured filters.
Plainis et al. 42 suggested that lag of accommodation may be influenced by the change in spherical aberration that occurs during accommodation.
Indeed, it has recently been shown that inducing negative spherical aberration in myopes can increase the accommodative response and reduce any lag of accommodation present. 43 Several studies [44] [45] [46] [47] [48] [49] In all studies cited above the participants viewed the stimuli monocularly with the non-viewing eye occluded with a patch. Another strength of the current study is that the participants viewed the stimuli under normal binocular reading conditions. Seidel et al. 51 showed that binocular viewing resulted in accommodative responses that were more accurate (showed less lag of accommodation) than those obtained under monocular viewing.
Chase et al.
12
, who used the Conlon Visual Discomfort questionnaire, found accommodative lag was strongly correlated with symptoms of headache, blur and diplopia, but not with distortions of text. The participants in the present study were selected on the basis of pattern glare scores, which have been shown to better predict the improvement in reading speed with coloured filters 23 than symptom questionnaires. 24 The differences in accommodative lag observed in the present study were within the range for which associated blur is tolerated. Within this range central mechanisms that are independent of optical factors may predominate. The chromaticity of illumination individually chosen to reduce perceptual distortion has been shown to improve reading speed. If the chromaticity of illumination differs from the optimal chromaticity by a separation of about 0.07 in the CIE UCS diagram the colour offers no improvement. 52 It will be interesting in future work to determine whether the accommodative changes found in this study have similar chromatic specificity, and, if so, whether the reduction in accommodative lag is long lasting. The appendix shows the mean spherical equivalent refractive error, pattern glare score, overlay colour chosen and mean lag of accommodation for all participants.
MSE
